This study was conducted to determine if root, shoot, and gas exchange traits of determinate and indeterminate soybean cultivars respond differently to soil water deficit. The effect of soil water deficit imposed 4 and 10 days after sowing on growth and development parameters of determinate and indeterminate soybeans was evaluated for 18 and 30 days in experiment I and II, respectively. At both 18 and 30 days after seeding, nearly all root, shoot, and physiological parameters were inversely correlated with the soil moisture level, and the adverse effects of drought stress were more evident in Progeny P5333RY than in Asgrow AG5332. For both cultivars, the effect of soil water deficit on net photosynthesis was mainly due to stomatal limitations. The developed algorithms for the plant processes based on the environmental productivity index were not different between the cultivars, suggesting that soybean plants respond in a similar way irrespective of their growth habits, probably due to the shorter period of water stress.
Introduction
Drought hinders the global production of soybean (Glycine max L. (Merr.)), which provides for 71% and 29% of the world's protein and oil consumption, respectively. Climate change is anticipated to increase the intensity and duration of drought in major soybean production regions, which could cause crop failures and food shortages, particularly as the global population continues to rise [1, 2] . Therefore, the effects of drought stress on soybean performance must be elucidated to reduce the threat of climate change on global food security.
The effects of drought stress on soybean germination [3] , canopy development [4, 5] , physiological processes [6] , flowering [7] , seed development [7] [8] [9] , yield [10] , and seed quality [11, 12] abound in the literature. However, few have reported on the effects of drought stress on root morphology [13] . Since roots are the first portion of the plant to sense and respond to changes in soil moisture, screening root traits may help identify varieties with enhanced drought tolerance [14] [15] [16] [17] . The response of soybean roots to drought stress varies among cultivars and is dependent on soil bio-physiochemical properties and the timing of the drought stress about growth stage [18, 19] . Drought stress affects the root architecture of soybean, i.e., branching density, root angle and depth, and biomass partitioning [14] . In a study of soybean root phenotyping under field conditions, Fenta et al. [14] reported differences in
Materials and Methods

Experimental Condition and Plant Culture
Indeterminate type-Asgrow AG5332 and determinate type-Progeny P5333RY from the same Maturity Group V were used in the study. Four soybean seeds were seeded in PVC (polyvinylchloride) pots (15.2 cm diameter by 30.5 cm high) filled with sandy loam (3:1 ratio of sand: topsoil) medium (87% sand, 2% clay, and 11% silt) and four days after emergence the plants were thinned to one per pot. All the plants were fertigated three times a day with full-strength Hoagland's nutrient solution through an automated drip irrigation system. Two experiments were conducted in sunlit, growth chambers known as SPAR units (Soil-Plant-Atmosphere-Research) located at Mississippi State University, MS. More details of the control and operation of the SPAR chambers have previously been described by Reddy et al [34] . One experiment was conducted from April to May and terminated 18 days after sowing. The second experiment was conducted repeating the first experiment from May to June time frame; however, it was terminated at 30 days by extending the soil water deficit treatment little longer compared to Agronomy 2019, 9, 836 3 of 15 the first experiment. Pots were arranged in six rows with three pots per row with 9 replications per cultivar in a completely randomized design. In total, 90 pots were used in each experiment for the five soil water deficit treatments.
Day/night temperatures of 29 • C/21 • C and CO 2 concentration of 400 µmol mol −1 were maintained for both the experiments throughout the treatment period. The vapor pressure deficit (VPD) was estimated as Murray [35] , and the relative humidity was examined with a humidity sensor (HMV 70Y, Vaisala Inc., San Jose, CA, USA). The seasonal data for mean temperature, VPD, and CO 2 concentration for the two experiments are presented in Table 1 . 
Treatments
Five soil water deficit treatments of 100%, 80%, 60%, 40%, and 20% of ET of the control (100% ET) were manipulated 4 days after sowing in experiment I and 10 d after sowing in experiment II. Measurement of evapotranspiration was performed according to the procedure that has been described in previous studies [36, 37] . Soil moisture content was monitored at a 10 s basis using soil moisture probes (Decagon Devices Inc., Pullman, WA, USA), inserted at the 15-cm soil depth in every five random pots in each treatment. Season-long average ET values and respective average soil moisture readings for each treatment are provided in Table 1 .
Plant Growth, Developmental, and Physiological Measurements
Phenology and Growth
At harvest, plant height, the number of nodes, and leaf area were measured. Plant height was measured using a meter ruler, and the total leaf area was measured using the LI-COR 3100 leaf area meter (LI-COR, Inc., Lincoln, NE, USA). Plant component (stem, leaf, and root) dry weight was measured after oven drying at 80 • C for 5 consecutive days.
Root Morphology
Roots were separated from the stems and cleaned thoroughly according to the procedure described in previous studies [15, 16, 38] . Roots were floated in 5 mm of water in a 0.4 by 0.3 m Plexiglas tray and used a plastic paintbrush to untangle and separate the root system to minimize any root overlap. Roots were then scanned, and images were analyzed using WinRhizo Pro software (Regent Instruments, Inc., Québec, QC, Canada). The largrer root systems were split into two or three before scanning and the results obtained were combinted to generate values on plant basis.
Physiological and Gas-exchange Measurements
Photosynthesis (Pn), stomatal conductance (g s ), transpiration (Trans), electron transport rate (ETR), and fluorescence yield of opened photosystem II (PS II) (Fv'/Fm') were measured using the Li-COR 6400 photosynthesis system (LI-COR, Inc., Lincoln, NE, USA). The ratios of internal (Ci) to external (Ca) CO 2 concentration and water use efficiency were calculated as the ratio of Ci/Ca and Pn/Trans. More specifics on setting up the instrument and procedure of taking gas exchange measurements have been discussed in detail previously [17, 27] .
Data Analysis
The experimental setup was split-plot in a completely randomized design, considering soil moisture treatment as the main plot and cultivar as the subplot. Data were analyzed accordingly using SAS 9.2 (SAS Institute 2011, Cary, NC, USA) at p = 0.05 significance level. Sigma Plot 13.0 (Systat Software Inc., San Jose, CA, USA) was used for graphical analysis.
Environment Productivity Index Concept and Critical Soil Moisture Limits
The Environmental Productivity Index (EPI), a concept that has been used to describe environmental limitations on crop productivity and to develop crop simulation models, was exploited to understand the soil water deficit effects on soybean growth, developmental, and physiological processes [39] [40] [41] . The measured growth and developmental parameters were normalized by calculating water deficit indices, which ranged from 0 to 1, where 0 indicates severe water stress, and 1 indicates optimum moisture level. The regression analyses were performed on the relationship between derived values and the soil moisture between cultivars. The soil water deficit treatment period was different for the two experiments; hence, there were differences between cultivars and their absolute responses. However, the two cultivars exhibited similar responses to the derived values against soil moisture for both the treatment periods. Therefore, one linear regression best described the response of each trait to soil moisture content. Critical limits for various growth and developmental processes were calculated and given as 90% of the control moisture level.
Results
Management of Soil Water Deficit Treatments
The measured soil moistures contents in both the experiments (18 and 30 days) by decagon soil moisture sensors were different (p < 0.001) among the soil water deficit treatments and represent that a crop could face a wide range of conditions spatially and temporally across the soybean growing area ( Table 1 ). The semi-automated ET-based irrigation enabled us to control soil moisture regimes at the desired levels in different treatments throughout the experiment. The measured soil moisture content controlled through ET-based irrigation showed 0.214 and 0.212 m 3 m −3 for the control treatments of 18 and 30 days of experiments, correspondingly (Table 1) . At 4-18 days treatment period, soil moisture contents for 80, 60, 40, and 20% ET treatments showed 14% (0. Table 1) . Evapotranspiration of soybean with deficit irrigation (20% ET) was 64% less than the well-irrigated plants (100% ET) in both 18 and 30 days of experiments. However, day and night average CO 2 , temperature, and vapor pressure deficit (VPD) were not different (p > 0.05) among the treatments and cultivars ( Table 1 ).
Growth and Shoot Pparameters
Soil water deficit decreased the plant height of two soybean cultivars (p < 0.001) at 30 days of the experimental period, however, the treatment difference was not significant (p > 0.05) at very early seedling stage (18 DAS) probably due to the shorter period of water stress ( Table 2 ). But the plant height was different (p < 0.001) between the cultivars in both the experiments ( Figure S1 ). Under the well-watered condition, Progeny P5333RY showed the maximum plant height (7 cm at 18 DAS and 22 cm at 30 DAS), whereas Asgrow AG5332 exhibited 5 cm and 16 cm at 18 and 30 DAS, respectively ( Figure S1A,B ). Under severe soil water deficit condition (20% ET), plants were shorter by 20% and 9% for Asgrow AG5332 and Progeny P5333RY at 18 DAS ( Figure S1A ) and 23% and 28% for the same cultivars at 30 DAS ( Figure S1B ). Table 2 . Analysis of variance significance levels for the cultivars (Cul), treatments (Trt), and their interaction (Cul × Trt) on different growth, physiological, and developmental traits measured at 18 and 30 days after sowing (DAS); stomatal conductance (g s ), transpiration (E), water use efficiency (WUE), the ratio of internal to external CO 2 concentration (Ci/Ca), electron transport rate (ETR), fluorescence (Fv'/Fm'). Leaf numbers were not different (p > 0.05) between the cultivars in both the experiments ( Table 2) . Under soil water deficit conditions (40% and 20% ET) at 18 DAS, Asgrow AG5332 had larger leaf area compared to Progeny P5333RY, but under a well-watered condition at 18 DAS and in all five soil water deficit treatments at 30 DAS, Asgrow AG5332 showed comparatively lower leaf area ( Figure S1E ). At Agronomy 2019, 9, 836 6 of 15 18 and 30 DAS, percent reduction of leaf area varied from 49% to 69% and 59% to 71% for Asgrow AG5332 and Progeny P5333RY, respectively (Figure S1E,F), when soil moisture changed from control (100% ET) to severe water deficit (20% ET).
DAS 30 DAS
Parameters
Leaf and stem dry weights were different (p < 0.001) among the five different soil water deficit treatments for both the experiments ( Table 2) . Soybean plants were grown under moderate (40% ET), and severe soil water deficit (20% ET) conditions produced a lower amount of leaf and stem biomass per plant ( Figure S2 ). At 30 DAS, 20% ET level showed 59% and 62% reduction in leaf dry weight for Asgrow AG5332 ( Figure S2A ) and Progeny P5333RY ( Figure S2B ), correspondingly. Irrigation deficit during 30 days of the experiment of soybean ( Figure S2H ) resulted in a marked loss of biomass production (54% and 58% reduction over the control) for Asgrow AG5332 and Progeny P5333RY compared to the deficit during 18 days of the treatment period ( Figure S2G ).
Root Parameters
Soil water deficit decreased soybean root morphological traits significantly (p < 0.001) in the present study (Table 2) . A significant cultivar effect (p < 0.01) was also observed for root length, surface area, volume, and diameter ( Figure S3 ). Root length decreased under severe soil water deficit (20% ET) by 20% and 41% in cultivar Asgrow AG5332 and 21% and 33% in cultivar Progeny P5333RY at 18 and 30 DAS ( Figure S3A ), respectively. Under severe water deficit conditions, soybean roots showed less root crossing and forking close to the surface layer and elongated tap root system towards the deeper layers of soil at 18 DAS ( Figure 1 ) and 30 DAS ( Figure 2 ). At 30 DAS, soybean cultivar Asgrow AG5332 showed 41%, 21%, and 38% reduction in root surface area, diameter, and volume, respectively, whereas Progeny P5333RY exhibited 33%, 14%, and 30% reduction correspondingly compared to the control treatment. Overall, Asgrow AG5332 had densely branched, thicker, and more extended root systems compared to Progeny P5333RY under both 18 DAS ( Figure 1 ) and 30 DAS ( Figure 2 ). Soil water deficit increased root tips by 5% and 18% for Asgrow AG5332 and Progeny P5333RY, respectively, at 18 DAS ( Figure S4A) ; however, at 30 DAS, it decreased by 29% for both the cultivars ( Figure S4B ). Root forks and crossings were different (p < 0.001) among the treatments and between the cultivars and at 30 DAS, those decreased by 39% and 51% for Asgrow AG5332 and 23% and 44% for Progeny P5333RY, correspondingly.
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Soil water deficit decreased soybean root morphological traits significantly (p < 0.001) in the present study (Table 2) . A significant cultivar effect (p < 0.01) was also observed for root length, surface area, volume, and diameter ( Figure S3 ). Root length decreased under severe soil water deficit (20% ET) by 20% and 41% in cultivar Asgrow AG5332 and 21% and 33% in cultivar Progeny P5333RY at 18 and 30 DAS ( Figure S3A ), respectively. Under severe water deficit conditions, soybean roots showed less root crossing and forking close to the surface layer and elongated tap root system towards the deeper layers of soil at 18 DAS ( Figure 1 ) and 30 DAS (Figure 2 ). At 30 DAS, soybean cultivar Asgrow AG5332 showed 41%, 21%, and 38% reduction in root surface area, diameter, and volume, respectively, whereas Progeny P5333RY exhibited 33%, 14%, and 30% reduction correspondingly compared to the control treatment. Overall, Asgrow AG5332 had densely branched, thicker, and more extended root systems compared to Progeny P5333RY under both 18 DAS ( Figure  1 ) and 30 DAS (Figure 2 ). Soil water deficit increased root tips by 5% and 18% for Asgrow AG5332 and Progeny P5333RY, respectively, at 18 DAS ( Figure S4A) ; however, at 30 DAS, it decreased by 29% for both the cultivars ( Figure S4B ). Root forks and crossings were different (p < 0.001) among the treatments and between the cultivars and at 30 DAS, those decreased by 39% and 51% for Asgrow AG5332 and 23% and 44% for Progeny P5333RY, correspondingly. 
Photosynthesis and Fluorescence Parameters
In our study, a significant (p < 0.001) treatment difference was observed for net photosynthesis (Pn) both at 18 DAS and 30 DAS (Table 2 ). However, the cultivar effect and the interaction between two soybean cultivars and water stress treatments were not significant (p > 0.05). The soybean cultivar Progeny P5332RY showed the lower Pn compared with Asgrow AG5332. Soil water deficit-induced reductions in Pn were 19% and 17% at 18 DAS ( Figure S5A ) and 17% and 15% at 30 DAS ( Figure S5B) for Asgrow AG5333 and Progeny P5333RY, respectively. Similar to Pn, transpiration rate (E) and stomatal conductance (gs) was also reduced with the soil water deficit. At 18 DAS ( Figure S5C ), the decrease in gs was 16% under both 80% and 20% ET for Asgrow AG5332, whereas at 30 DAS ( Figure  S5D ), gs further reduced to 27% and 32%, respectively, for the same treatment conditions compared to the control (100% ET).
The internal to the external CO2 ratio (Ci/Ca) did not show any difference from the control treatment at both 18 ( Figure S5E ) and 30 DAS ( Figure S5F ). At 30 days of soil water deficit, the transpiration rate declined by 28% and 25% for Asgrow AG5333 and Progeny P5333RY, correspondingly ( Figure S5H ). Photosynthetic electron transport rate (ETR) and fluorescence (Fv′/Fm′) decreased by 18% and 13% for Asgrow AG5333 and 16% and 13% for Progeny P5333RY, respectively ( Figure S6 ).
Soil Water Deficit Response for Soybean Growth, Developmental, and Physiological Pprocesses and CriticalLlimits
The measured parameters exhibited linear relationships under sub-optimal moisture conditions. The parameters, leaf area, plant component dry weight, root diameter, and root volume, tips, forks, and crossings, and Fv′/Fm′ and ETR from the two experiments showed similar linear trends for both the cultivars (Figure 3 ). Therefore, one linear regression was fitted for those parameters under both treatment periods for the two soybean cultivars. The corresponding regression parameters, Figure 2 . Effect of soil moisture stress on the root system architecture of the soybean plants harvested 30 days after sowing. The images were taken before splitting the root systems for scanning to show the treatment effects.
Photosynthesis and Fluorescence Parameters
In our study, a significant (p < 0.001) treatment difference was observed for net photosynthesis (Pn) both at 18 DAS and 30 DAS (Table 2 ). However, the cultivar effect and the interaction between two soybean cultivars and water stress treatments were not significant (p > 0.05). The soybean cultivar Progeny P5332RY showed the lower Pn compared with Asgrow AG5332. Soil water deficit-induced reductions in Pn were 19% and 17% at 18 DAS ( Figure S5A ) and 17% and 15% at 30 DAS ( Figure  S5B) for Asgrow AG5333 and Progeny P5333RY, respectively. Similar to Pn, transpiration rate (E) and stomatal conductance (g s ) was also reduced with the soil water deficit. At 18 DAS ( Figure S5C ), the decrease in g s was 16% under both 80% and 20% ET for Asgrow AG5332, whereas at 30 DAS ( Figure  S5D ), g s further reduced to 27% and 32%, respectively, for the same treatment conditions compared to the control (100% ET).
The internal to the external CO 2 ratio (Ci/Ca) did not show any difference from the control treatment at both 18 ( Figure S5E ) and 30 DAS ( Figure S5F ). At 30 days of soil water deficit, the transpiration rate declined by 28% and 25% for Asgrow AG5333 and Progeny P5333RY, correspondingly ( Figure S5H ). Photosynthetic electron transport rate (ETR) and fluorescence (Fv /Fm ) decreased by 18% and 13% for Asgrow AG5333 and 16% and 13% for Progeny P5333RY, respectively ( Figure S6 ).
Soil Water Deficit Response for Soybean Growth, Developmental, and Physiological Pprocesses and CriticalLlimits
The measured parameters exhibited linear relationships under sub-optimal moisture conditions. The parameters, leaf area, plant component dry weight, root diameter, and root volume, tips, forks, and crossings, and Fv /Fm and ETR from the two experiments showed similar linear trends for both the cultivars (Figure 3 ). Therefore, one linear regression was fitted for those parameters under both treatment periods for the two soybean cultivars. The corresponding regression parameters, coefficients, and estimated critical limits as defined by the 90% of the control for the measured parameters are given in Table 3 . coefficients, and estimated critical limits as defined by the 90% of the control for the measured parameters are given in Table 3 . Environmental productivity indices (EPI) for soybean shoot, root, and physiological parameters. The soil moisture dependent indices were expressed as a fraction between 0 to 1 and estimated by dividing the measured value by its estimated maximum value at a desirable moisture level (100%). Table 3 . Regression parameters (a and b) and regression coefficient (r 2 ) of shoot, root, and gas exchange traits of soybean to estimate EPI as a function of soil water deficit (Y = a + bX, where Y = respective soil water deficit index for the plant parameter and X = soil moisture content in m 3 m −3 ). The estimated critical limits defined as the 90% of the optimum or control for each growth process are also given. Stomatal conductance, g s ; electron transport rate, ETR; the ratio of internal to external CO 2 concentration, Ci/Ca; water use efficiency, WUE; fluorescence, Fv'/Fm'. 
Plant Parameter
Regression
Discussion
Soybean crop responses to soil moisture deficit is a highly dynamic trait involving several morpho-physiological, genotypic, and biochemical mechanisms [42] . At the early seedling stage, understanding crop performance to soil water deficit is vital because it affects all processes in developing a uniform and healthy canopy. In the present study, shoot, root, and physiological markers and their relationships to soil water deficit under varying moisture conditions were explored in two contrasting growth habit soybean cultivars. Further, functional relationships between plant processes and soil water deficit will be useful to improve the functionality of soybean crop models for field applications. Also, to the best of our knowledge, this is the first study to address the soil water deficit effects on soybean root system architecture and seedling growth and development under a wide range of soil moisture levels. Therefore, the data obtained in this study will help in the better understanding of root traits and soybean plant responses to soil water deficit at the early seedling stages to manage soybean crop during the early-season.
To cope with water stress, plants possess numerous morphological adaptations and responses. Among them, plant height, number of nodes, length of internode, and leaf area index are proposed as indicators of drought stress in soybean [5, 43, 44] . In general, plant height and leaf development are considered as underlying phenomena of growth and shoot morphogenesis during canopy developmental stages in crops. In our study, we observed a difference in plant height between the cultivars in both the experiments. The difference in plant height reduction between the cultivars could be due to genotypic differences. Khan et al. [5] also reported a decrease in plant height in soybean under water stress, which may be due to shorter internodes as leaf addition rates.
Leaves are the organs in plants for effective photosynthetically active radiation (PAR) capture and interception. Soil water deficit reduced the number of leaves in soybean plants, possibly due to the decreased node emergence rate and accelerated leaf senescence [43] . Similar to the plant height, Progeny P5333RY showed the highest reduction in leaf area, signifying its susceptibility to soil water deficit compared to Asgrow AG5332. Tolerant cultivars possess the benefit of having a larger leaf area at limited water conditions because it is linked with the greater extent of decrease in stomatal conductance (g s ) [44] and a lesser extent of decline in photosynthetic rate (Pn). Therefore, the tolerant cultivar Asgrow AG5332 may benefit from the reduction of water loss while minimizing the cost of reduction of photosynthesis [44] . Reduction in leaf area is an appropriate morphological parameter for measuring soil water deficit experienced by the plant. Many studies have also stated a decrease in leaf area due to reduced leaf growth, cessation of cell division, and accelerated leaf senescence [5, 45] . The reduction in the leaf area might also be due to dehydration of protoplasm and a decline in relative turgidity, which is accompanied by a loss of turgor [46] and decreased cell division.
Deficit soil moisture adversely affected total dry weight at both treatment periods. The decrease in leaf number and area by the water stress could be the reason for lower total dry weight under limited water conditions. In both the experiments, Progeny P5333RY showed a higher percent reduction in total dry weight compared to Asgrow AG5332. This means that Asgrow AG5332 had better sustainability in producing taller plants and more leaf area to maintain a higher shoot dry weight that contributes to increased biomass under limited water condition. The plant root system comprises different kinds of roots that change in morphology and functions. Root architecture is determined by the distribution and spatial arrangement of these roots in the soil by positioning its foraging activity to regulate water and nutrient absorption [47] . Among the primary traits that influence plant resource acquisition, root length, surface area, volume, and diameter are the key traits that determine root morphology while branching pattern, lateral roots, tips, forks, and crossings control root system architecture [48] . In the present study, compared to the percent reduction for above-ground traits, Progeny P5333RY exhibited a lower percent reduction for root traits. However, regardless of the soil moisture availability, soybean cultivar Asgrow AG5332 showed higher root length, surface area, diameter, and volume compared to Progeny P5333RY. This implies that the root system of Progeny P5333RY cultivar is more sustainable under soil water deficit over the Asgrow AG5332 with inherited increased phenotypic performance. Overall, Asgrow AG5332 had a thicker, longer, and more densely branched root system compared to Progeny P5333RY under both 18 DAS and 30 DAS, suggesting the presence of cultivar variability and tolerance for soil moisture. Uptake of nutrients by roots has a substantial impact on growth and development of shoot, especially during the early vegetative growth stage. Thu et al. [49] also reported a decrease in root length in different soybean accessions under drought conditions. As reported in the previous studies, higher tap root length in deep soil improves the yield by increasing water uptake under drought [14, 50, 51] . Moreover, plants with deeper root systems would generally more drought avoidant due to the larger soil volume explored by the extensive root system [52, 53] . A larger root surface area and diameter are beneficial for relatively high total uptake of nutrients and moisture to maintain photosynthesis [23, 51] . Root tips, forks, and crossings, which determine root system architecture, not only extend the absorptive surface of roots, but also are capable of growing into small pores and soil particles enabling the plant to intercept and mine mobile or immobile nutrients such as P and Fe that are bound to soil particles [54] .
In our study, photosynthesis (Pn) and stomatal conductance (g s ) reduced with the soil water deficit. The soybean cultivar Progeny P5332RY showed lower Pn and g s , compared with Asgrow AG5332. By adjusting the stomatal aperture, plants control their diurnal water status at a favorable level. To survive over an extended soil water deficit condition, it is necessary for the soybean leaves to adjust its g s to prevent excessive water loss. Stomatal closure contributes to maintaining high leaf water content; however, it governs to a reduction in leaf photosynthesis and intercellular CO 2 concentration, which in turn reduces CO 2 assimilation. This photosynthesis limitation causes an imbalance in electron necessity for photosynthesis and leads to photodamage in photosystem II (PS II). Stolf-Moreira et al. [55] also reported one of the drought-sensitive soybean varieties MG/BR46 exhibited a 65% reduction in g s after 30 days of water stress when compared to the drought-tolerant cultivar BR16 which showed 50% reduction. Another 15 more days of extended water stress, sensitive cultivar showed a 79% reduction while the decline was no longer detectable in the tolerant cultivar. As reported in many other studies stomatal limitation is the key factor which is responsible for the net photosynthesis reduction compared to non-stomatal limitation such as diminishing of Rubisco, reduction in the chemical and enzymatic reactions, and decrease in energy consumption. The internal to external CO 2 ratio (Ci/Ca) did not show any difference from the control treatment at both 18 DAS and 30 DAS. Therefore, this finding suggests that the reduction of Pn was mostly due to decrease in g s under water-limited conditions. Many studies had reported that stomatal factors inhibited more than non-stomatal factors when the plants were under stress [55] [56] [57] [58] . Under limited water condition, the transpiration rate also declined for Asgrow AG5332 and Progeny P5333RY. The decline in E could be an adaptive response of water-stressed soybean plants by stomatal closure to maintain a high-water potential under water stress. Photosynthetic electron transport rate (ETR) and fluorescence (Fv /Fm ) also decreased for both the cultivars in the present study. This suggests that with the inhibition of Pn and g s , the leaf photochemistry was changed, affecting the ETR chain under water stress condition. In contrast to our finding, some studies have suggested that PS II photochemistry was resistant to mild water stress [57] ; however, under severe water deficit, PS II activity was strongly reduced [59] .
Quantitative relationships between soybean root, shoot, and physiological parameters of the early vegetative stage are less available for developing models to study the effects of soil moisture in current and future climates. One way to quantify the impact of soil water deficit on soybean is to establish environmental productivity indices as described in previous studies for other crops [41, 56] . Potential shoot and root growth and development and gas exchange traits are defined as the estimated individual process that takes place under optimum environmental conditions. Then, by accounting for soil water deficit induced specific reduction indices, the effects of soil water deficit on soybean can be quantified and modeled. These indices represent the fractional limitation due to soil water deficit and range from 0 to 1 where 1 is when the soil moisture does not limit a particular development, and 0, when it does limit that parameter. From this method, the soil moisture deficit effects on soybean shoot, root, and physiological growth could be estimated in a dynamic soil moisture environment without the other variables such as temperature. In the present study, all the parameters exhibited linear decreasing trends under moderate and severe water-stressed conditions for both the cultivars. Based on the critical assessed limits, among the shoot traits, plant height was lower than the critical limits of leaf area, leaf weight, and total dry weight, indicating that plant height is less sensitive to soil water deficit than leaf area and dry weight. Among the root traits, root length and surface area and root tips, forks, and crossings were more sensitive to soil water deficit than the critical limits of root diameter and volume. The critical limits of photochemical parameters Fv /Fm and ETR were less susceptible to soil water deficit suggesting that leaf photochemistry in soybean is resistant to water stress. The critical limit of Pn was the most sensitive trait to soil water deficit than all the other parameters. The decrease in Pn was accompanied by a corresponding reduction in g s and E, indicating the effect of stomatal closure and transpiration on canopy photosynthesis. Moreover, the decrease in Pn escorted with a decrease in total dry weight suggesting the dependence of total dry matter production on net photosynthesis. Overall, root morphological and architectural parameters were more sensitive to soil water deficit than vegetative and physiological traits. Although there were little differences in the absolute values of the derived traits, the crop responses were similar, suggesting that the suitability of developed response indices for crop modeling under projected future climatic conditions. However, the screening outcomes need to be validated under field conditions, as crop performance is highly influenced by other cofactors such as soil type and temperature. Moreover, there is a need to quantify soybean crop responses under different water stress using multiple soybean cultivars from different maturity groups and with different growth habits to provide more precise predictions under water limiting conditions. Additionally, specific experiments considering different growth stages such as physiological maturity and reproductive stages would be more informative to fully understand the differences among the two soybean cultivars examined in the present study.
Conclusions
Modeling of the responses of shoot, root, and physiological traits to soil water deficit through phenotyping is essential to understand the less exploited and under-explored traits and to develop crops to different production systems. In this study, the two studied soybean cultivars with different growth habits showed considerable variability in their absolute responses to soil moisture for all the traits measured during early-season. Progeny P5333RY showed the highest reduction in plant height, leaf area, and total dry weight signifying its susceptibility to soil water deficit compared to Asgrow AG5332. Under severe water deficit conditions, both the cultivars showed less lateral branching of roots in the top layers of the soil and deeper tap root systems. Asgrow AG5332 had denser, branched, and more extended root system compared to Progeny P5333RY. However, root traits of Progeny P5333RY cultivar showed less reduction under moderate to severe soil water deficit conditions. Root morphological and architectural parameters were more sensitive to soil water deficit than vegetative and physiological traits.
Similarly, the decline in photosynthesis seems to be related to mainly stomatal closure. The plant processes, when expressed cultivar specific maximum values under optimum conditions, were not different between the cultivars. Therefore, the identified soil water deficit induced shoot, root, and physiological parameters should be useful for modeling and could improve the functionality of soybean models for field and climate change scenario applications.
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